Polyunsaturated fatty acids (PUFA) may reduce cell multiplication in cultures of normal, as well as transformed, white blood cells. We assessed the sensitivity of 14 different leukemia cell lines to PUFA by measuring cell number after 3 days of incubation. Ten of the examined cell lines were sensitive to 30, 60 and/or 120 M of arachidonic, eicosapentaenoic and docosahexaenoic acid, whereas four cell lines were resistant. The sensitivity to PUFA was not associated with any particular cell lineage, clinical origin or specific mRNA pattern of bcl-2 and c-myc. Effects on cell viability were assessed by studying cell membrane integrity, DNA fragmentation and cell morphology. The sensitive cell lines Raji and Ramos died by necrosis and apoptosis, respectively, during incubation with eicosapentaenoic acid, whereas the viability of the resistant U-698 cell line was unaffected. The effects of EPA on Raji cells, was counteracted by vitamin E, indicating that lipid peroxidation was involved. However, apoptosis induced by eicosapentaenoic acid in Ramos cells, was unaffected by vitamin E, as well as eicosanoid synthesis inhibitors. In conclusion, our results indicate that a majority of leukemia cell lines are sensitive to PUFA. This sensitivity may be caused by induction of apoptosis or necrosis by very long-chain polyunsaturated fatty acids.
Introduction
Dietary polyunsaturated omega-6 (n-6) fatty acids and omega-3 (n-3) fatty acids with 18 carbons, are derived from plants, whereas n-3 fatty acids with 20 or more carbons, originate from marine sources. The Greek letter or the letter n are used to describe the carbon atom at the methyl end of the molecule, which means that n-3 fatty acids have a double bond between carbon 3 and 4 from the methyl-end, and n-6 fatty acids have a double bond between carbon 6 and 7 from this end. As the body is unable to introduce double bonds between position 7 and the end of the molecule, n-3 and n-6 fatty acids are essential nutrients which must be supplied in the diet. 1 The major very long-chain n-3 fatty acids in the diet are eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA). 2 In the following we will use the term n-3 fatty acids for these 20 and 22 carbon marine n-3 fatty acids. In populations with a high dietary intake of n-3 fatty acids, a lower frequency of breast cancer has been observed, 3 and fish and fish-oil consumption protected against the later promotional stages of colorectal carcinogenesis in a study including 24 European countries. 4 Moreover, low-dose fish oil supplementation normalized cell proliferation in patients with sporadic colorectal adenomas, 5 and similar findings were reported in a study on patients with colon or rectum adeno- carcinoma. 6 Diets containing n-3 fatty acids, may also reduce tumor growth and metastasis in animal models. [7] [8] [9] Several authors have reported reduced multiplication of malignant cultured cells incubated with n-3 fatty acids. 10, 11 This effect has also been reported in leukemia cell lines. 12, 13 Moreover, n-3 fatty acids and some other polyunsaturated fatty acids (PUFA) may decrease DNA synthesis and viability of cultured human lymphocytes. [14] [15] [16] It is not known whether effects of n-3 fatty acids on tumor size, metastasis, cell number or DNA synthesis are due to alterations in cell proliferation, cell differentiation or induction of the two main forms of cell death, necrosis and apoptosis. In a previous study on a promyelocytic leukemia cell line (HL-60), a reduced cell multiplication rate and DNA synthesis was observed after incubation with PUFA, and this was ascribed to effects on cell differentiation and cell viability. 17 During incubation with arachidonic acid (AA, 20:4, n-6) or eicosapentaenoic acid (EPA, 20:5, n-3), the cells could perform respiratory burst and accumulated in the G 1 phase of the cell cycle. These effects were accompanied with induction of apoptosis and necrosis.
The aim of the present study was to investigate to what extent leukemia cell lines of different lineages are sensitive to very long-chain PUFA, and to elucidate potential mechanisms of PUFA on cell multiplication. First, the sensitivity of 14 different leukemia cell lines to PUFA was assessed by counting the cell number after incubation with fatty acids. We found that 10 cell lines were sensitive, whereas four cell lines were resistant to PUFA. The mRNA expression of c-myc and bcl-2 was compared in three sensitive and three resistant cell lines as these genes are important for regulation of cell proliferation and apoptosis. [18] [19] [20] The appearance of apoptosis or necrosis was studied in the resistant U-698 cell line and the sensitive Raji and Ramos cell lines after incubation with EPA. Furthermore, it was investigated if the loss of cell number observed with EPA, was reduced by antioxidants or inhibitors of eicosanoid synthesis.
Materials and methods

Materials
Stearic acid (SA, 18:0), oleic acid (OA, 18:1, n-9), AA, EPA, and docosahexaenoic acid (DHA, 22:6, n-3), fatty acid free bovine serum albumin (BSA), propidium iodide (PI), and Hoechst 33342 (HO342), indomethacin, nordihydroguaiaretic acid (NDGA), vitamin E, were purchased from Sigma Chemical (St Louis, MO, USA). Phosphate-buffered saline (PBS), RPMI-1640 medium, fetal bovine serum (FBS), L-glutamine and gentamycin were bought from BioWhittaker (Walkersville, MD, USA). Other chemicals were analytical grade from commercial suppliers. RNA molecular weight marker (0.24-9.5 kb) was delivered by Gibco BRL (Paisley, UK) and the Megaprime DNA labeling system 1606 by Amersham (Buckingham, UK). Fuji medical X-ray film and Fujichrome Provia 400 professional color reversal film were supplied from Fuji (Tokyo, Japan). The in situ cell detection kit, Fluorescein was purchased from Boehringer Mannheim (Mannheim, Germany). The probe for bcl-2 was obtained from Oncogene Science (Uniondale, NY, USA).
Cells
The present work was performed in close co-operation with Dr K Nilsson (University of Uppsala, Sweden) who provided the cell lines U937-GTB, U937-1, Mono Mac-6, U-698 and K-562. THP-1 cells were generously given to us by Dr L UhlinHansen (University of Tromsø, Norway). Raji and Ramos cells were purchased from BioWhittaker, and KG-1a, Reh, Molt-4 and Jurkat were acquired from ATCC (Rockville, MD, USA). KM-3 and Nalm-6 were given by MF Greaves (Imperial Cancer Research Fund Laboratories, UK).
All cell lines were cultured in RPMI-1640 medium supplemented with 10% heat-inactivated FBS, L-glutamine (2 mmol/l) and gentamycin (0.1 mg/ml). Cells were incubated with fatty acids complexed to BSA at a molar ratio of 2.5:1 and the cells were routinely kept in a logarithmic growth phase at 0.2-1.2 × 10 6 cells/ml. For experiments, cells were seeded at a density of 0.2-0.4 × 10 6 cells/ml. Cell count experiments were performed in duplicate by use of Coulter Z1 (Coulter Electronics, Luton, UK). Each experiment was performed at least three times. Cell cultures incubated without fatty acids were used as control in all cell count experiments and defined to 100%. The effect of a certain treatment on cell number is presented as percent of control. A concentration of 0.1% ethanol, used in the experiments with vitamin E and eicosanoid inhibitors, did not affect cell viability or cell multiplication.
mRNA analysis
Total RNA for analysis of c-myc and bcl-2 mRNA was isolated by a single step method using acid guanidinium thiocyanatephenol-chloroform extraction. 21 The samples were denatured in sample buffer made from 10% 10 × MOPS (0.5 mol/l 3-Nmorpholinopropane-sulfonic acid pH 7.9 and 0.01 mol/l EDTA, pH 7.5), 15% formaldehyde and 40% formamide, for 5 min at 68°C and incubated for another 5 min on ice before separation on a 1% agarose gel with 2.2 mol/l formaldehyde dissolved in 1 × MOPS. Gel electrophoresis and blotting were performed as described. 17 The RNA molecular weight marker was cut off the membrane and stained with methylene blue (0.03% (w/v) in 0.3 mol/l sodium acetate buffer, pH 5.2). Probes were labeled and hybridized to the membrane overnight at 65°C in Church hybridization solution (0.5 mol/l NaPHO 4 , 7% SDS and 1 mmol/l EDTA). Before autoradiography, excess radioactivity was removed from the membrane by washing in Church washing solution (40 mmol/l NaPHO 4 and 1% SDS) at 65°C. The signals were analyzed on Personal Densitometer (Molecular Dynamics, Sunnyvale, CA, USA). Before rehybridization, the membranes were stripped in 0.1% SDS at 95°C. Each membrane was rehybridized up to three times. The c-myc and bcl-2 signals were calibrated to that of the 18S ribosomal RNA transcript.
Cell viability assays
For microscopic analyses of cell viability, 22 1 ml of the respective cell cultures was first incubated with 10 l of PI (0.5 mg/ml) in the dark for 30 min. Thereafter, 10 l of HO342 (1 mg/ml) were added to the same cultures, and the cells were incubated for another 30 min in the dark. The cells were then sedimented at 514 g for 5 min in a swing-out rotor, and the medium was removed. After washing in PBS and resedimentation, the cell pellets were resuspended in 10 l of pure FBS. Drops from the cell suspensions were placed on a microscope slide to make an air-dried smear. The smears were analyzed in a Leitz Ortholux II fluorescence microscope (Leica, Wetzlar, Germany), and at least 200 cells were counted. The cells were photographed with Fujichrome Provia 400 professional color reversal film with a MPS 48/52 camera (Leica Mikroskopie und Systeme). The film was exposed as 800 ASA, but developed as 400 ASA.
DNA fragmentation was quantified by terminal deoxynucleotidyl transferase (TdT)-mediated dUTP-biotin nick end labeling (TUNEL) using the in situ cell death detection kit and a FACScan flow cytometer. 23 DNA content was determined by the simultaneous staining with PI (10 g/ml). Five thousand cells were analyzed from each culture.
Statistics
Mann-Whitney analysis was used to determine the significance level of differences between sample groups. The level of significance was set at P р 0.05. Results are presented as means ± standard deviations (s.d.).
Results
Initial experiments showed that EPA and DHA reduced cell multiplication of U937-GTB cells, and time course studies indicated that incubation with 60 mol/l of EPA or DHA for 3 days, was optimal in order to obtain pronounced effects on cell number ( Figure 1 ). Consequently, we chose to assess effects of fatty acids on cell number after day 3 in subsequent experiments.
Ten of 14 cell lines were sensitive to PUFA The 14 different cell lines were incubated with 30, 60 or 120 mol/l of the saturated fatty acid SA, the monounsaturated fatty acid OA or the very long-chain PUFA AA, EPA and DHA. Significant effects of the selected fatty acids on cell number of the different cell lines are presented in Table 1 . SA and OA did not reduce the cell number markedly in any of the cell lines. Sensitivity to PUFA was not associated with any particular cell lineage or clinical origin of the transformed cells. [24] [25] [26] The sensitivity to PUFA increased with increasing concentration of PUFA. All the untreated cultures multiplied with a similar doubling time of 23-28 h in our experiments. Thus, it is unlikely that different proliferation rates influenced the results we obtained. The five cell lines Raji, Ramos, U937-GTB, U937-1 and Mono Mac-6 were most sensitive, as they responded to one or more of the PUFA at 30 mol/l, with a 14% or more reduction in cell number as compared with control cells. Moreover, the five cell lines Reh, Molt-4, Jurkat, K-562 and KG1-a, were characterized as moderately sensitive cell lines, since they responded to 60 mol/l of PUFA. The cell number in KM-3, Nalm-6 and THP-1, was only slightly affected (6-19%) at 120 mol/l of PUFA, and the cell number in the U-698 cell line was unaffected at all three concentrations. These four cell lines were therefore characterized as resistant towards PUFA. For simplicity, the most sensitive cell lines, as well as the moderately sensitive cell lines are hereafter referred to as sensitive cell lines.
Expression of c-myc and bcl-2 mRNA in sensitive and resistant cell lines Bcl-2 increases the resistance to a wide array of stimuli that trigger apoptosis, 27 and may also inhibit necrosis. 28 The protooncogene c-myc is a transcription factor believed to increase the proliferative capacity of malignant cells, but may also be a regulatory protein of apoptosis, since cells with a dysregulated c-myc die by apoptosis when deprived of growth factors. In the sensitive cell lines Reh, Raji and Ramos, incubation with 60 mol/l of EPA for 3 days reduced the cell number by 23, 37 and 66%, respectively, whereas the cell number in KM-3, Nalm-6 and U-698 was unaffected (Figure 2a) . Total RNA was isolated from untreated cells in logarithmic growth. The c-myc transcript was expressed in all six cell lines ( Figure  2b) . No bcl-2 mRNA (Raji and Ramos) or a relatively low level of this transcript (Reh) was detected in the sensitive cell lines, whereas the resistant cell lines KM-3 and Nalm-6 had relatively high bcl-2 mRNA levels (Figure 2c ). The resistant cell line U-698 had no bcl-2 mRNA and also expressed low levels of c-myc. The absence of bcl-2 protein in Raji and Ramos cells was verified on the protein level by Western blot analysis (data not shown). Effect of EPA on cell membrane integrity and nuclear structure in one resistant and two sensitive cell lines. PI and HO342 fluorescence was monitored in U-698 (a), Raji (b) and Ramos (c) cells that were incubated with 60 mol/l of EPA. PI and HO342 associates with cellular DNA and emits red and blue light respectively, when exposed to UV light. Staining with PI, is indicative of leaky cell membranes as this dye cannot cross intact cell membranes. The HO342 stain, however, easily cross intact cell membranes and stains the nuclei in all cells. When this stain associates to condensed chromatin found in apoptotic cells, the blue color becomes more intense. One set of photographs from three separate experiments is shown. number, membrane integrity or DNA fragmentation in the resistant U-698 cell line at any time point (Table 2 and Figure  3a) . However, in the sensitive Raji and Ramos cell lines incubated with 60 mol/l of EPA, the cell number was lower than that in control cultures at 24 and 48 h, and there was loss of membrane integrity and increased DNA fragmentation (Table  2) . In Raji cells incubated with EPA, an early loss of membrane integrity was seen (11% at 12 h), whereas the chromatin structure remained loose, and cell swelling rather than cell shrinkage occurred (Figure 3b ). DNA fragmentation, as detected by the TUNEL assay, did not occur until late in the process (after 36 h), when it was observed as a gradual shift in the TUNEL labeling of all the cells (Figure 4a and Table 2 ). These changes are characteristic of necrotic cell death where DNA fragmentation occurs randomly as a late event secondary to cell death, not necessarily internucleosomal. 29 However, Ramos cells incubated with EPA displayed typical signs of apoptosis. DNA fragmentation was already observed after 12 h (16%) and the TUNEL labeling was intense (Figure 4b) . The microscopic smears revealed that the cell membrane remained intact during most of the incubation period (until 36 h), and that the cells had fragmented nuclei and intense HO342 fluorescence, indicative of condensed chromatin (Figure 3c) . At 48 h, 87% of the cells were PI-positive, indicating membrane leakage, which commonly occurs in cells undergoing apoptosis in vitro when no phagocytes are present ('secondary necrosis'), 30 and 45% of the cells had fragmented DNA. The discrepancy between these two percentages, is most likely due to a loss of necrotic cells during preparation for TUNEL analyses, which includes fixation, permeabilization and several washes of the cells. A concentration of 60 mol/l of OA did not affect the cell number in any of the three cell lines investigated (data not shown), and the PI/HO342 staining of these cultures was similar to their respective control cultures (data not shown).
We studied EPA-induced apoptosis in Ramos cells in relation to the cell cycle by also staining TUNEL-labeled cells with PI to determine the DNA content. Apoptotic Ramos cells incubated with EPA, appeared in the G1, S, as well as the G2/M phase of the cell cycle (data not shown). The apoptotic process observed in the Ramos cells was therefore not linked to a particular phase of the cell cycle.
Effect of vitamin E and inhibitors of eicosanoid synthesis
PUFA may interfere with cell proliferation of cancer cells by formation of lipid peroxidation products. 11 To address this issue, concentrations of 5 and 50 mol/l of the antioxidant vitamin E was added to Raji and Ramos cells prior to the addition of 60 mol/l EPA. After 2 days, the cells were counted and stained with PI/HO342. In Raji cultures incubated with 50 mol/l of vitamin E and 60 mol/l EPA, the cell number ( Figure 5a ) and viability (data not shown) was similar to control cultures. In Ramos cells however, vitamin E was not able to reverse the reduction in cell number, as compared to control cells (Figure 5b ), or induction of cell death (data not shown) observed with 60 mol/l EPA.
Eicosanoids are oxygenated metabolites of the 20-carbon polyunsaturated fatty acids. They act as local hormones, and may modulate cellular signal transduction cascades. 31, 32 The two key enzymes in the generation of eicosanoids are lipooxygenase and cyclo-oxygenase, the activity of which may be inhibited by NDGA and indomethacin, respectively. To investigate if the EPA-induced apoptosis in Ramos cells was mediated by EPA-derived eicosanoids, 0.05 and 0.1 mol/l NDGA and 0.1 and 1 mol/l indomethacin was added to the cells prior to addition of 60 mol/l EPA (Figure 6a and b) . Indomethacin and NDGA were unable to counteract the effect of EPA on cell number in Ramos cells, and the number of dead cells, as determined by PI/HO342 staining, was the same as in cultures treated with EPA only (data not shown). Furthermore, incubation of Ramos cells with lower concentrations of EPA together with vitamin E, NDGA or indomethacin did not reverse the effect observed with EPA alone (data not shown).
Figure 4
Effect of EPA on DNA fragmentation. Raji (a) and Ramos (b) cell lines were cultured with 60 mol/l EPA, and DNA fragmentation in individual cells was measured at the indicated time points using the TUNEL assay. The percentage of TUNEL-labeled cells was quantitated by flow cytometry. One of three experiments is presented.
Figure 5
Effect of vitamin E on Raji and Ramos cells incubated with EPA. Concentrations of 5 and 50 mol/l of vitamin E was added to Raji (a) and Ramos cells (b) prior to the addition of 60 mol/l of EPA. The cell number in the respective cultures was determined after 2 days of incubation. The results represent means ± s.d. from three separate experiments performed in duplicates. *P = 0.016 compared to cells treated with 60 mol/l EPA.
Discussion
Our present observations demonstrate that very long-chain PUFA reduce cell multiplication in a large number of leukemia cell lines (Table 1 ). This response is explained by apoptosis in one cell line (Ramos) and necrosis in another (Raji) and was documented by examination of cellular morphology, integrity of the plasma membrane, and DNA fragmentation in the cells (Figures 3, 4 and Table 2 ). The extent of reduced cell multiplication, loss of membrane integrity and induction of DNA fragmentation varied more in Raji cells incubated with EPA than in Ramos cells (Table 1, Figure 2a and Table 2 ). This may reflect that necrosis in contrast to apoptosis, is a less controlled process and hence more unpredictable. It is interesting that the same concentration of EPA can promote two different forms of cell death in two similar cell types of the B-lineage with Burkitt's lymphoma origin. 25 It has been shown that one stimulus or insult to cells can give rise to either apoptosis or necrosis depending on the strength of the stimulus. A temperature of 42-44°C will induce apoptosis in mastocytoma cells, whereas necrosis results if they are exposed to 46-47°C. 30 However, we could not observe any changes in the type of cell death in Raji with lower concentrations of EPA (30 or 45 mol/l, data not shown). Thus, the response to EPA is probably dependent on cell type. This is the case for tumor necrosis factor-induced cell death which is apoptotic in some cell types and necrotic in others. 33, 34 One cell type may express genes necessary to undergo apoptosis, whereas other cells are unable to respond with programmed cell death. It may be important that Ramos cells expressed four times more c-myc mRNA than Raji cells in this respect, since c-myc is believed to regulate the transcription of genes necessary for apoptosis. 18 The experiments where vitamin E was added prior to EPA, confirmed that different molecular mechanisms were responsible for the cell death induced by EPA in Raji cells vs Ramos cells. The reduced cell multiplication and necrosis induced by EPA in Raji cells, was counteracted by vitamin E, suggesting that lipid peroxidation was involved ( Figure 5 ). However, the apoptosis induced by EPA in Ramos cells, was not affected by vitamin E. It has been demonstrated that the reduced cell multiplication induced by PUFA in human breast carcinoma cells and human T cells, is reversed by vitamin E and related to formation of free radicals. 11, 15 However, in two very similar reports, the addition of antioxidants together with PUFA had no reversible effect. 14, 16 As none of these studies investigated if the reduced cell multiplication with PUFA was caused by apoptosis or necrosis, the discrepancies in these reports may be explained by our present findings. The conversion of AA and EPA to their respective eicosanoids has been proposed as an alternative mechanism for modulation of cancer cell multiplication. 35, 36 However, similar to what we observed in HL-60 cells, 17 inhibitors of lipo-oxygenase and cyclo-oxygenase were not able to revert the effect of EPA in Ramos cells ( Figure  6 ). Therefore, the molecular mechanisms responsible for apoptosis induced by EPA in Ramos cells, are unknown.
In an attempt to understand the cause of the observed difference in sensitivity to PUFA, the mRNA level of the protooncogenes bcl-2 and c-myc was examined in sensitive and 927 Table 1 Effects of fatty acids on cell number (% of control) on different leukemia cell lines after 3 days incubation The effect of a fatty acid treatment was compared to that of bovine serum albumin (n = 6). Means (s.d.) are presented. SA, stearic acid; OA, oleic acid; AA, arachidonic acid; EPA, eicosapentaenoic acid; B, B cell; T, T cell; E, erythroid; My, myelocytic; Mo, monocytic; NS, not significantly different from the effect of BSA. The results are displayed as means (s.d.) from three separate experiments (n = 6).
insensitive cell lines of the pre B and B lineage (Figure 2) . In lymphoblastoid B cell lines transfected with c-myc, deprivation of serum resulted in reduced expression of bcl-2 followed by apoptosis. 37 However, when these cells were stimulated with CD40 antigen, promoting a continuous expression of bcl-2, apoptosis was prevented. Thus, the relative expression of c-myc and bcl-2 may influence induction of apoptosis in the B cell lineage. However, our results only partly support this hypothesis, as the resistant cell line U-698 and the sensitive cell line Raji, expressed similar levels of cmyc mRNA, and the bcl-2 transcript was absent in both cell lines.
The concentrations of free fatty acids used in our incubations, may be obtained in plasma by dietary supplementation. 38 We also complexed PUFA to albumin and thus our studies were performed in a physiologically relevant way. It is even possible that PUFA may affect proliferation of leukemia cells in vivo as demonstrated in mice bearing the myeloid leukemia T27A. 39 However, a better molecular understanding of how PUFA affect cell multiplication and viability, is necessary before PUFA could be used in cancer therapy.
It is of significant biological interest to unravel the relation between fatty acids and apoptosis, eg by studying the activity of protein kinase C (PKC) as the activity of these proteins may be affected by EPA and other PUFA. 40, 41 Another molecular mechanism for the action of PUFA on cell death may be transmitted via PPAR receptors acting as transcription factors in combination with fatty acids. [42] [43] [44] [45] [46] Three human PPAR receptors (␣, ␦ and ␥) have been identified, and mRNA analyses demonstrated that all three receptors were expressed in U-698, Raji and Ramos cells (Finstad et al unpublished data) . A possible mechanism whereby activation of PPAR receptors may induce apoptosis, may be via antagonizing the activity AP-1, NF-B and STAT, 47 as these transcription factors may influence the cellular suicide program. [48] [49] [50] In conclusion, a majority of the leukemia cell lines investigated in our study, were sensitive to PUFA independent of cell lineage or clinical origin. EPA induced apoptosis in the sensitive cell line Ramos and necrosis in Raji. To evaluate a possible use of n-3 fatty acids in future cancer therapy, a better understanding is necessary of the molecular mechanisms responsible for the induction of cell death.
